This paper presents the design of a 3.8 ∼ 8.0 GHz wide-band quadrature coupler on a multi-layer package substrate. The asymmetric coupled-line 3-dB quadrature coupler has been designed on a four-layer microwave substrate, with a 10-mil thick top layer of Roger's RO4350B substrate pressjoined to a 20-mil thick bottom layer of RO4350B, through 4-mil thick bond-ply material RO4450B. In the proposed design, the second and third metal layers are used as coupling layers, while the fourth (bottom) layer provides four signal pads and one large ground pad for connection with the test circuit. The mutual coupling is achieved through the overlay of coupled lines. Four VIA holes are used for signal transition from coupling layers to the bottom-layer pads. The SMD package quadrature coupler provides the ease of integration with other microwave circuits. The quadrature coupler chip size is 4.0 mm × 8.0 mm × 0.9 mm. The measurement results show a close resemblance to the EM-simulation results. The measured results depict reasonably flat 3-dB coupling and quadrature phase difference. The amplitude imbalance remains within 1.0 dB, while the phase imbalance always remains much less than 3.0 degrees. The return loss and isolation are better than 13 dB, throughout the whole frequency band. The proposed design is quick and simple. The manufacturing process is also cost-effective. To the best of the author's knowledge, these measured performance parameters in 71% fractional bandwidth associated with the compact size of the self-packaged device are better than those of the earlier published 4-layer design schemes of wideband quadrature couplers.
INTRODUCTION
Quadrature couplers are often required in wide-band communication systems for quadrature division and combining of signals. The traditional branch-line coupler [1] is narrowband, having around 20% fractional bandwidth. For its bandwidth broadening, multiple cascaded stages can be employed [2, 3] . Some researchers also proposed additional matching stubs, compensation circuits, or additional broadband phase shifters for this purpose [4] [5] [6] . However, the disadvantage in the above-mentioned cases is the increased layout area. Micro-strip Lange couplers [7] are relatively broadband, but they are often difficult to realize using conventional manufacturing techniques, and they also require bond wire connections. So, the design of a compact and wide-band directional coupler with efficient and flat 3-dB quadrature coupling is quite challenging, using two-layer microstrip structures. In recent years, some design topologies of multi-layer compact wide-band directional couplers have been proposed. Slot coupled hybrids, employing efficient broadband tight coupling through the ground aperture [8] [9] [10] [11] [12] [13] [14] , require bottom layer ground clearance. So, they are not suitable for integration in compact systems. Multilayer quadrature couplers based on substrate integrated suspended line (SISL) technology [15] [16] [17] utilize small circuit areas and exhibit good performance in wideband but at low center frequencies.
However, their design is complex as it involves a lot of design parameters, and the manufacturing cost is also relatively high due to a large number of layers. Due to the usage of a large number of thick substrates layers, the device height is also large, which is not suitable for compact systems with low cover heights. Similarly, a modified tandem coupler based on stripline configuration developed on a 4layer Roger's RO4356B substrate [18] exhibited only 45.5% measured fractional bandwidth. The circuit area is also relatively large, and it is not a self-packaged coupler.
Another available option is multi-layer coupled-line couplers based on Low-Temperature Co-Fired Ceramic (LTCC) substrates, which utilize the coupling based on the overlaying transmission line sections on adjacent substrate layers [19, 20] . However, the limitation is that multi-layer manufacturing on LTCC substrates is relatively difficult, and the cost is also relatively high. The main advantage of the multi-layer substrate is System-on-Package (SoP). We can combine various active chips fabricated from different technologies using interconnections, and additionally passive components can be designed and embedded inside the same multi-layer substrate, in a cost-effective manner. These limitations drive the motivation for the design of a compact surface-mount device (SMD) package multi-layer wide-band quadrature hybrid, using the commonly used microwave substrate and employing some relatively easy manufacturing techniques. In this paper, we propose the design of a 3.8 ∼ 8.0 GHz wide-band compact quadrature coupler on a 4-layer Roger's package substrate. The proposed design exhibits good measured results of amplitude and phase imbalance, matching, and isolation, in wide bandwidth and an extremely compact size.
PROPOSED COUPLER DESIGN AND ANALYSIS
In this paper, we propose the design of a 3.8 ∼ 8.0 GHz wide-band quadrature coupler on a multi-layer package substrate. The asymmetric coupled-line 3-dB quadrature coupler is designed on a four-layer Roger's RO4350B microwave substrate. Fig. 1 shows the layer stack-up structure of the substrate employed in this design. The multi-layer substrate consists of a 10-mil thick top layer of Roger's RO4350B substrate press-joined to a 20-mil thick bottom layer of RO4350B, through 4-mil thick bondply material RO4450B. The dielectric constants of RO4350B and RO4450B, considered for the design, are 3.66 and 3.54, respectively. The loss tangent for both materials is 0.004. In the proposed design, the second and third metal layers are utilized as coupling layers, while the fourth (bottom) layer provides four signal connection pads and one large ground polygon for connection with the test circuit. 17 µm thick copper material is used in metal layers (2, 3, and 4). The mutual coupling is achieved through overlaying coupled lines. The strength of the coupling amplitude mainly depends upon the width of the coupling lines, their overlay, and the vertical gap between these coupling lines. The vertical spacing between the coupling lines depends upon the thickness of the pre-peg/ bond-ply material used. In our case, we utilize 4-mil/100 µm thick RO4450B material for this purpose. However, the actual vertical gap between the coupling lines is much less than 100 µm, because 17 µm thick tracks are somewhat intruded into the pre-peg substrate, depending upon the percentage of copper used in the coupling layers. For the simulation model, a 70 µm vertical gap is assumed. For quadrature phase difference between the through and coupled ports, the electrical lengths of the coupling lines are equal to quarter wavelength (λ/4) at the center frequency around 6 GHz. The coupling overlay has been carefully chosen after performing the fractional bandwidth analysis. Actually, we use 1-dB amplitude imbalance criterion for the usable fractional bandwidth of the coupler. In order to obtain maximum possible fractional bandwidth from this 4-layer substrate structure (with the fixed pre-peg thickness), we sweep the overlay between the coupling layers to change the coupling level and plot the amplitude imbalance versus the frequency band. Fig. 2(a) shows the amplitude imbalance plots for the different values of coupling overlay 'O'. Then, we apply the 1-dB criterion to calculate the usable bandwidth for each overlay between the coupling layers. Fig. 2(b) shows the plot of fractional bandwidth versus the coupling overlay. It is evident from both the plots that the fractional bandwidth is maximum at an optimum value of overlay, and it decreases when the overlay decreases from that value, because the amplitude imbalance starts to increase at the edges, and hence the 1-dB fractional bandwidth shrinks. When the overlay increases from that optimum value, the coupling at the center frequency increases, and the amplitude imbalance increases beyond 1-dB. So, after this analysis, we finally choose 120 µm overlay as the optimum value for our proposed design on this substrate structure to obtain a maximum fractional bandwidth. This analysis shows that the proposed design has the capability of achieving more than 80% fractional bandwidth on the chosen substrate structure. Table 1 shows the finalized physical design parameters of the coupler (including the widths and lengths of the coupling lines, and their overlay), calculated using the conventional circuit simulation tool, and then slightly optimized in Electromagnetic Momentum simulator. for 50 Ω, and their width is 0.42 mm. The distance between the signal pad(s) and ground on the bottom layer is optimized to be 0.25 mm, in order to adjust the parasitic capacitance and obtain good input matching. For achieving size compactness, the coupling lines are mitered. The final design is simulated and optimized in the EM simulator. The overall size of the coupler chip is 4.0 mm × 8.0 mm × 0.9 mm.
In order to emphasize the size compactness of the proposed coupler, we normalize the physical dimensions of the quadrature coupler with the guided wavelength (λ g ) at the center frequency to calculate the electrical size, which makes it independent of the frequency and the dielectric material used. The electrical size of the coupler comes out to be 0.13λ g × 0.26λ g , which is smaller than that of the earlier published design schemes on a similar 4-layer microwave substrate. The SMD package quadrature coupler provides the ease of integration with other microwave circuits. The proposed design also provides the ease of manufacturing in addition to the improvement in performance parameters and size compactness.
RESULTS AND DISCUSSION
In order to verify the performance of the proposed quadrature coupler design, the coupler chip is mounted on a Rogers RO4350B (10-mil) test circuit board, in the EM-simulation model. The test circuit contains the bottom footprint of the coupler chip and interconnecting micro-strip transmission lines for the four signal connections. A two-dimensional array of 0.3 mm size VIA holes is used on the ground polygon of the test circuit. The EM-simulation results show satisfactory performance in the frequency range of 3.6 ∼ 8.4 GHz. Then the coupler chip is manufactured, and the measurements are performed for performance verification. Figure 4(a) shows the top and bottom views of the manufactured quadrature coupler chip placed near a 0.1 coin (for size estimate), while Fig. 4(b) shows the quadrature coupler chip assembled on the aforementioned test board. The assembly is performed manually using the conventional reflow soldering process. Very sophisticated 2.92 mm Jack (female) end launch connectors from Southwest Microwave are used for measurements. The 4-port S-parameters measurement of the assembled quadrature hybrid (shown in Fig. 4(b) ) is performed using Agilent's PNA network analyzer (Model: E5225). The measurement results generally show a close resemblance to the EM-simulation trends. The measured results depict reasonably flat 3-dB coupling and quadrature phase difference between the through and coupled ports. The measured and simulated amplitude responses (S 21 , S 31 ) of the quadrature hybrid in 3.0 ∼ 9.0 GHz frequency range are shown in Fig. 5 .
It is evident that the measured amplitude response is reasonably good in 3.8 ∼ 8.0 GHz band, and the amplitude imbalance between the through and coupled ports mostly remains less than 1.0 dB. Although the EM-simulated amplitude imbalance is better than 1 dB in the whole frequency range of 3.6 ∼ 8.4 GHz, in the actual measurements, the quadrature coupler showed slight loose coupling (S 31 ), which degrades the amplitude imbalance, especially at frequencies higher than 8.0 GHz. The main reason for this variation in the measured coupling level is tolerances of the manufacturing process. In order to deeply investigate this slight deviation, the internal microscopic inspection of the quadrature coupler chip is performed. The coupler chip is cut into two pieces along the x-dimension (4.0 mm), and the physical measurements are performed by vertically placing each piece under an electron microscope. It is observed that the actual vertical gap between the coupling lines is around 75 µm, instead of the 70 µm value assumed in the simulation model. This 5 µm increase in the vertical gap causes a slight decrease in the coupling amplitude. The same is reverified by using the actual gap value in the simulation. So, the control of pre-peg thickness is very crucial for the proposed design, as it affects the actual vertical gap between the coupling lines. However, after one process iteration, the EM-model can be made very accurately. In that case, the proposed design has the capability to achieve a less amplitude imbalance in a wider bandwidth, than the measured performance depicted in Fig. 5 . It is also pertinent to mention here that the loss of the long interconnecting transmission lines is de-embedded from the measured amplitude response depicted in Fig. 5 . Figure 6 shows the measured and simulated phase differences between the through and coupled ports. The measured phase response shows a reasonably flat quadrature response in the frequency range of 3.0 ∼ 8.0 GHz. In this frequency band, the phase difference varies from 87.5 deg to 93.0 deg, which corresponds to phase imbalance much less than 3 deg. Fig. 7 presents the measured and simulated return losses at all four ports (S 11 , S 22 , S 33 , and S 44 ). The measured return loss is always better than 12.5 dB Fig. 8 shows the measured and simulated isolations (S 41 ).
The measured isolation is also better than 13 dB in the desired band of 3.0 ∼ 8.0 GHz and closely follows the simulation behavior. 
CONCLUSION
The design of compact broadband quadrature coupler, based on a 4-layer Roger's RO4350B package substrate, is proposed. The measurement results of the manufactured coupler show good amplitude imbalance within 1.0 dB and low phase imbalance less than 3 degrees in the frequency range of 3.8 ∼ 8.0 GHz. The measured return loss and isolation are mostly better than 13 dB, in the whole frequency band. The fabricated quadrature coupler chip size is 4.0 mm × 8.0 mm × 0.9 mm, which is reasonably compact for wide-band quadrature hybrids in this frequency band. However, it can be made further compact if the design is realized on any material with a higher dielectric constant as compared to that of RO4350B. According to the best of the authors' knowledge, these performance parameters and size are among the best reported in this wide fractional bandwidth of 71%, using the microwave package substrate. The same is also evident from the comparative analysis of the recently published design schemes of 4-layer wideband quadrature couplers presented in Table 2 . It is pertinent to mention here that some of the parameters written in the table for [9, 10, 18] are not explicitly provided in the papers, so they are interpreted/calculated from the given measurement results. The SMD package of the proposed coupler makes the assembly convenient with the main microwave circuit board, using the traditional reflow soldering process. The proposed coupler design is suitable for incorporation into SoP applications and can be used as an SMD component in various transmitting and receiving systems.
